Objective: This study aimed to examine differences in spatiotemporal gait parameters between older adults with amnestic mild cognitive impairment and normal cognition and to examine limbic and basal ganglia neural correlates of gait and executive function in older adults without dementia. Design: This was a cross-sectional study of 46 community-dwelling older adults, ages 70-95 yrs, with amnestic mild cognitive impairment (n = 23) and normal cognition (n = 23). Structural magnetic resonance imaging was used to attain volumetric measures of limbic and basal ganglia structures. Quantitative motion analysis was used to measure spatiotemporal parameters of gait. The Trail Making Test was used to assess executive function. Results: During fast-paced walking, older adults with amnestic mild cognitive impairment demonstrated significantly slower gait speed and shorter stride length compared with older adults with normal cognition. Stride length was positively correlated with hippocampal, anterior cingulate, and nucleus accumbens volumes (P < 0.05). Executive function was positively correlated with hippocampal, anterior cingulate, and posterior cingulate volumes (P < 0.05). A ge-related impairments and neurodegenerative processes accelerate mobility-related decline in older adults. In amnestic mild cognitive impairment (aMCI) and Alzheimer's disease (AD), cognitive impairment is considered the primary function that declines; however, impairments in peripheral systems, including the motor system, are present during early stages of disease.
with aMCI have demonstrated changes in mobility that may function as early markers of AD-related pathology. 4, 5 Changes in gait performance often precede the onset of dementia and slowed gait speed, alone, is predictive of cognitive decline and future onset of dementia. 6, 7 Specific changes in spatiotemporal parameters related to walking pace and rhythm have been linked to distinct neurocognitive profiles in older adults. 8 Unique motor phenotypes have also been described as being associated with neurodegenerative diseases, including Lewy body disease, Parkinson, and AD. 9 Although a temporal relationship between cognitive and physical decline has been reported in preclinical, prodromal, and advancing stages AD, 7, 10 research is needed to examine underlying neural mechanisms.
Limbic system structures, including the hippocampus, amygdala, thalamus, and cingulate cortex, are known to play a functional role in memory formation, mood, and goal-directed behaviors and are impacted by AD pathology years or decades before the onset of cognitive impairment. 11, 12 Basal ganglia structures including the caudate, putamen, globus pallidus, and nucleus accumbens receive input from the motor cortex and cerebellum and provide adaptive movement control, especially when the gait pattern requires recalibration, such as in navigating different terrains and environments. 13 Poor mobility outcomes are associated with reduced gray and white matter volume in older adults, 5 and mechanisms beyond age-related decline, possibly early AD brain pathology, may be contributing to changes in gait speed. A predementia syndrome characterized by slow walking and cognitive complaints is reportedly a stronger predictor of cognitive decline than either slow gait speed or cognitive complaints alone.
14 A better understanding of mechanisms that underlie a temporal relationship between cognitive and physical decline is important in identifying therapeutic targets and developing rehabilitation strategies to mitigate loss of mobility.
Purpose
The aims of this study were (1) to examine differences in spatiotemporal gait parameters in older adults with aMCI and normal cognition (NC) and (2) to examine limbic and basal ganglia neural correlates of gait and executive function. The overall objective was to gain insight into the neural mechanisms common to gait performance and executive function in older adults without dementia.
METHODS
This study was a cross-sectional examination of relationships between spatiotemporal gait parameters, executive function, and magnetic resonance imaging (MRI) volumetric measures of limbic and basal ganglia structures. Participants were community-dwelling older adults recruited from independent retirement homes and enrolled between October 2009 and March 2012 as part of ongoing studies of older adults with aMCI and NC (2R01 AG14777-06A2 [PI: LT]; 1RCA NSO73008 01 [PI: TJG]). Forty-six community-dwelling older adults with a mean age of 83.7 yrs (SD = 4.9; range = 73.9-94.3) were included in this study.
Study Inclusion and Exclusion Criteria
Inclusion criteria were (1) ages of 70-95 yrs and (2) 16 score of less than 20; (2) unable to walk independently without an assistive device; (3) a known terminal illness or uncontrolled medical condition; (4) actively suicidal, hallucinating, or delusional; (5) hospitalized within the past 12 mos; (6) blind or deaf; (7) a known central nervous system condition; or (8) a metal implant or any other contraindication to MRI. The University of Washington Institutional Review Board approved study procedures, and all participants provided written consent. This study conforms to all Strengthening the Reporting of Observational Studies in Epidemiology Checklist guidelines and reports the required information accordingly (see Checklist, Supplemental Digital Content, http://links.lww. com/PHM/A540).
Classification (aMCI vs. NC)
After study enrollment, participants were classified into aMCI or NC groups. The classification of aMCI was determined with the application of the Petersen criteria (single or multiple domain MCI) 17 including the following: (1) memory complaint; (2) objective evidence of memory impairment; (3) preserved general cognitive function; (4) essentially preserved activities of daily living; and (5) ; and (4) Clinical Dementia Rating severity rating of cognitive impairment (Clinical Dementia Rating of 0 = no cognitive impairment; Clinical Dementia Rating of 0.5 = mild cognitive impairment). 15 Objective memory impairment was determined by a score on the Wechsler Memory Scale-Revised Logical Memory II that was one standard deviation below age and education adjusted norms, 20 problems on memory recall items of the MMSE, and/or observed difficulty with everyday recall during the assessment interview.
Demographics and Baseline Characteristics
Co-morbid health conditions were identified from a selfreport questionnaire of health conditions and a medications questionnaire. The short-form Geriatric Depression Scale (range = 0-15) was used to screen for symptoms of depression. 21 A brief musculoskeletal screening examination was conducted by a licensed physical therapist to determine whether there were impairments in lower-limb sensation (light touch, protective, or vibration) or joint range of motion. Protective sensation was assessed using a Semmes Weinstein 5.07 monofilament at eight sites on the dorsal and plantar surface of each foot. 22 Vibration sensation was tested with a 128-or 256-Hz tuning fork over the metatarsal phalangeal joint and the medial malleolus. 22 
Magnetic Resonance Imaging
Structural magnetic resonance imaging (T1 MRI) was used to measure region of interest (ROI) brain volumes and intracranial volume (ICV). A Philips 3.0T Achieva system with an eight-channel SENSE head coil was used to acquire a highresolution T1-weighted three-dimensional Magnetization-Prepared Rapid Gradient-Echo (170 sagittal slices; in-plane resolution = 256 Â 256; field of view = 240 Â 256; echo time = 3.01 millisecs; repetition time, 6.491 millisecs; flip angle = 8.0 degrees) for each participant.
Structural MRI Analysis
To obtain volume measures from subcortical and cortical regions, cortical reconstruction and volumetric segmentation of the Magnetization-Prepared Rapid Gradient-Echo scans was performed using FreeSurfer Version 5.1. 23 Default parameters were used except where adjustment to the watershed threshold was needed to refine skull stripping. Reported cortical grey matter volumes are based on the Desiken-Killiany region definition implemented in FreeSurfer. 24 Volumetric measures calculated for ROIs of limbic system structures included the hippocampus, amygdala, thalamus, anterior cingulate (rostral + caudal segments), and posterior cingulate were calculated. Volumetric measures calculated for ROIs of basal ganglia structures included the caudate, putamen, globus pallidus, and nucleus accumbens. To control for differences in head size across participants, volumetric estimates were adjusted by dividing an ROI volume by the ICV estimate. 25 This approach is supported for single structure volumes for both subcortical and cortical structures. 25 The ICV-adjusted volumes of each left and right ROI were combined.
Quantitative Gait Analysis
A Qualisys Motion Capture System (Qualisys, Gothenburg, Sweden) recorded the position of 34 markers placed bilaterally on the feet, legs, hips, trunk, and arms during walking. The walking tests were completed on the same day as the MRI scanning session. Participants walked on a level surface along an 8.8-m pathway (data captured in middle 4 m of pathway) under two conditions (1) usual-paced walking and (2) fast-paced walking. Participants walked without an assistive device and performed two 30-sec trials for each condition. Instructions for usual-paced walking were "walk at your comfortable speed." Instructions for fast-paced walking were "walk as quickly as you safely can." Excellent test-retest reliability intraclass correlation coefficient (ICC) for gait speed (ICC > 0.90) and cadence (ICC = 0.93) has been reported in nondemented older adults. 26 
Executive Function Performance Measure
Executive function was measured with the Trail Making Test part A (TMT-A) and part B (TMT-B) representing cognitive functions of complex visual scanning, processing speed, attention, and the ability to shift sets. 27 
Statistical Analysis
Data analysis was conducted using SPSS Version 19 statistical software (SPSS, Inc, Chicago, IL). Data were evaluated for distribution and outliers using histograms and scatter plots. Fisher's exact test was used to examine differences in categorical variables between aMCI and NC groups. Independent t tests were conducted to identify differences between aMCI versus NC older adults in demographics, health conditions, cognitive function, spatiotemporal gait parameters, and MRI brain structure volumetric measures normalized for ICV. Levene's test for equality of variances was applied to ensure that variability in the t test comparison groups was approximately equal.
Incorporating measures that differed significantly between the aMCI and NC groups, we examined neural correlates of stride length and executive function as a single group. The aMCI and NC groups were merged because there was no significant difference in MRI brain structure volume between them. Bivariate Pearson correlations were conducted to identify highly correlated variables and potential confounders. Pearson partial correlations were used to examine neural correlates. To adjust for potential confounding of motor function, we used TMT-B minus TMT-A (TMT-B -TMT-A) for the executive function variable. To adjust for potential confounding of height on stride length, we divided stride length (meter) by height (meter). We adjusted for age in all models. Pearson's partial correlation analyses were conducted between (1) stride length (meter)/height (meter) and MRI brain region volumes of limbic and basal ganglia structures and (2) 
RESULTS

Demographic and Baseline Characteristics
Descriptive statistics of the 46 participants (23 aMCI, 23 NC) are presented in Table 1 . There were no statistically significant differences between the aMCI and NC groups in age, education level, health conditions, height, lower-limb impairments, or use of an assistive device for walking. Most participants were white (93.5%). Fifteen participants had mild impairment of lower-limb protective or vibration sensation (eight aMCI, seven NC), but there was no significant difference between the groups and no participants demonstrated moderate or severe sensory impairment. Three participants reported using an assistive device for walking in the home or in the community.
As expected, function on global cognition (MMSE), memory (Logical Memory I and II), attention, and executive function (TMT-A and TMT-B) was significantly reduced (all P values < 0.05) in the older adults with aMCI compared with those with NC. In addition, as expected, because we excluded people with dementia, there was no significant difference on the AD Assessment Scale-Cognitive Subscale (P = 0.25) between the groups.
Group Comparisons of Gait and Brain Volumetric Measures
During fast-paced walking, older adults with aMCI demonstrated significantly slower gait speed (P = 0.004) and shorter stride length (P = 0.01) compared with the NC; however, there were no significant group differences in measures of gait rhythm (cadence and single-limb support time) ( Table 2) . Gait parameters during usual-paced walking did not significantly differ between older adults with aMCI compared with the NC. Brain volumetric measures of the limbic or basal ganglia structures did not differ significantly between the aMCI and NC groups ( Table 2 ).
Neural Correlates of Stride Length in Limbic and Basal Ganglia ROIs
After adjusting for age, correlations of moderate strength were identified between stride length/height and hippocampal volume (r = 0.33, P = 0.02) and stride length/height and anterior cingulate volume (r = 0.43, P = 0.003). However, correlations between stride length/height and other limbic structures were weak and lacked statistical significance (Table 3) . After adjusting for age, correlations of weak to moderate strength approached significance between stride length/height and the putamen volume (r = 0.29, P = 0.05) and reached statistical significance between stride length/height and the nucleus accumbens volume (r = 0.36, P = 0.01). However, correlations between stride length/height and other basal ganglia structures were weak and lacked statistical significance (Table 3) .
Neural Correlates of Executive Function in Limbic and Basal Ganglia ROI
Better performance on the TMT-B -TMT-A was moderately correlated with greater hippocampal volume (r = −0.37, P = 0.01), anterior cingulate volume (r = −0.32, P = 0.003), and posterior cingulate volume (r = −0.38, P = 0.01), after adjusting for age. Correlations between TMT-B -TMT-A and other limbic structures (amygdala and thalamus) were weak and were not statistically significant (Table 3) . Correlations between TMT-B -TMT-A and basal ganglia structures were also weak and not statistically significant.
DISCUSSION
In this study, reduced pace (stride length and gait speed) was demonstrated in older adults with aMCI compared with NC during fast-paced walking. Furthermore, in an effort to identify neural correlates of gait, larger hippocampal and anterior cingulate volumes were correlated with longer stride length and better executive function across older adults with aMCI and NC, suggesting a shared neural basis for fast-paced walking and executive function in older adults without dementia. Early identification of impairments and underlying neural mechanisms may lead to more effective and timely efforts to minimize loss of mobility in older adults, especially those at risk for AD. Our findings of reduced pace in aMCI compared with NC older adults concur with previous studies, 8, 29 but significant differences were observed only during fast walking in our study. Differences in usual gait speed approached significance, but our relatively small sample size likely contributed to the lack of statistically significant differences than have been previously reported. For example, Verghese et al. 8 examined gait speed and stride length in 349 older adults with aMCI and NC and reported significantly slower gait speed and shorter stride length during a usual-paced walking task in people with aMCI.
Correlations between reduced mobility and medial temporal lobe atrophy in older adults have been reported 4, 30 ; however, the results of the current study extend this body of research by demonstrating shared limbic, especially cingulate and hippocampal, neural correlates of gait and executive function. It is also interesting to note that the basal ganglia structures, known for their role in motor control, had weaker correlations with gait and executive function compared with the limbic system structures. Within the basal ganglia structures, although nearly significant and significant correlations were detected between the putamen and nucleus accumbens volumes and stride length, there were no statistically significant correlations with executive function. The weaker and fewer neural correlates of gait parameters found within basal ganglia structures was possibly due the low challenge of our walking task (straight path and steady state), requiring less basal ganglia specific function for control or recalibration of the gait pattern.
Potential Neural Mechanisms
Age and age-related co-morbid conditions are known to play a role in aspects of brain health that impact gait performance and executive function. Declining gait performance in older adults with cognitive impairment may occur via alterations in memory, spatial processing, attention, and executive functions resulting in reduced influence on planning, navigation, and course correction. 11, 31 In addition, brainstem areas that receive excitatory input from the cerebral cortex, limbic system, and cerebellum as well as inhibitory input from the basal ganglia influence gait performance. 13 Neuronal loss occurring in the medial temporal lobe, including the hippocampus, during prodromal or early clinical stages of AD causes axonal loss, resulting in deafferentation of brain regions to which these axons project, possibly having an indirect effect on gait speed. Degenerative processes have also been reported in the posterior and anterior cingulate cortex during early stages of AD and, therefore, may play a role in declining gait performance via loss of structural integrity and reduced connectivity between functionally connected regions of the brain. 32 The limbic system is instrumental in modulating various goal-directed behaviors, and it may be instrumental in maintaining gait performance with advancing age, because walking is a goal-directed behavior that encompasses functions supported by the limbic system, including volitional, emotional, and automatic processes. 13 Of particular relevance to the current discussion is that descending limbic connectivity on reticulospinal tracts has been shown in animals to drive cognitive or emotional references for the initiation of locomotor behavioral patterns; it is also well established that the reticulospinal system is important for generating locomotor pattern responses. 13 Because these neural populations are interconnected with the limbic system, walking pace may be negatively impacted by limbic system influences in people without known neurological impairment.
Cognitive and emotional influences on the motor system occur via functional connectivity from the anterior cingulate gyrus. 33 The posterior cingulate is proposed to be involved in memory retrieval and evaluation of information, whereas the anterior cingulate is more involved in executive functions. 33 The synergistic and overlapping functions of brain structures identified in this study provide potential therapeutic targets for preserving locomotion as well as executive function via strategies promoting neuroplasticity and neuroprotection for older adults. It is plausible that interventions targeting neuroplastic effects will promote gains in both cognitive and physical domains of function.
Clinical Implications
Walking quickly and changing speed are important for maintaining independent community ambulation. Both self-selected and maximal walking speed have been reported to discriminate between community-dwelling older adult fallers and nonfallers, suggesting that assessment of both usual pace and fast walking are informative in predicting risk for fall-related injury. 34 Callisaya et al. 35 reported that worsening cognitive impairment was associated with reduced ability to increase speed and walk quickly. Faster gait speed is important to community mobility, for example, during activities such as crossing a busy street or catching a bus. Given the functional relationship between executive processes and gait control, dual-task clinical tests that increase cognitive load and environmental challenge are also important in the assessment of older adults with cognitive impairment. Dual-task gait tests improve sensitivity for detecting gait impairments, executive impairments, and increased risk for dementia. 36 Our findings suggest that gait speed and stride length during fast-paced walking are associated with cognitive function and limbic system brain region volume, and this has potential clinical implications. In a 30-yr longitudinal analysis, a more rapid rate of physical function decline has been reported in individuals with nonamnestic causes of dementia; however, physical function in those with AD-type dementia also declined at a faster rate than cognitively healthy older adults. In people with all types of dementia, during the transition from a cognitively normal state to a dementia diagnosis, the rate of physical performance decline was significantly greater compared with those who maintained normal cognitive function. 37 This suggests a critical window for early detection and implementation of prevention and rehabilitative strategies.
There is increasing evidence that physical exercise interventions improve physical performance as well as executive function in older adults at risk for dementia. A 6-mo, twiceweekly multicomponent exercise trial demonstrated protective effects on cortical gray matter and cognitive function in older adults with aMCI. 38 Resistance exercise programs also seem to positively influence neural mechanisms that contribute to cognitive function. Participation in a 6-mo, twice-weekly resistance training program significantly improved performance on a test of response inhibition and associative memory in older women with MCI, suggesting that resistance exercise contributes to functional plasticity in brain regions associated with executive function. 39 Early identification of individuals at risk for AD and related dementia is important to allow for the development of targeted preventive and rehabilitation strategies. Clinically, a combination of measures to examine cognitive, physical, and complex daily activities (e.g., scheduling, transportation) may be the most predictive of brain health and functional decline. Future research is needed to investigate rehabilitation assessment and early intervention strategies to mitigate loss of independence in older adults at risk for dementia.
This study has many strengths, but limitations must be considered. We are unable to infer causation due to the crosssectional design of this study. This study provides a foundation for larger and longitudinal investigations by identifying a shared neural basis of gait and executive function in brain regions that are vulnerable to age and neurodegenerative changes. Additional neuroimaging modalities will be beneficial for future studies to understand mechanisms underlying gait and executive function.
CONCLUSIONS
Compared with older adults with intact cognition, older adults with aMCI demonstrated reduced gait speed and stride length during fast-paced walking and lower performance on a test of executive function. Shared limbic system correlates of gait pace (gait speed and stride length) and executive function were identified in older adults with aMCI and NC. These findings suggest a neural basis for the relationship between declining gait pace and executive function in older adults without dementia. The findings of this study improve our understanding of potential mechanisms associated with gait changes in older adults. Taken together, identifying a neural basis for declining gait speed and executive function has implications for rehabilitation professionals in efforts to provide targeted, effective, and timely strategies to mitigate loss of mobility due to age-related and neurodegenerative changes.
